The concept of perturbative gauge invariance formulated exclusively by means of asymptotic fields is generalized to massive gauge fields. Applying it to the electroweak theory leads to an essentially complete fixing of couplings of scalar and ghost fields and of the coupling to fermionic matter, in agreement with the standard theory. The W/Z mass ratio is also determined, as well as the chiral character of the fermions. Spontaneous symmetry breaking plays no role in this approach. Instead, the standard model comes out as the consequence of one single principle, which is (quantum) gauge invariance.
I. INTRODUCTION
The final theory of the fundamental interactions will probably be a quantum theory without any reference to classical theory, because the microscopic world is quantum in nature. We, therefore, want to construct the electroweak theory without using classical fields, neither in a path integral nor elsewhere. Our method will be causal perturbation theory in a formulation which goes back to Epstein and Glaser [1] . In this approach one exclusively works with free fields, so that gauge invariance must be formulated in terms of these asymptotic fields, only. In recent years this program has been successfully carried out for abelian [2] and massless non-abelian gauge theories [3] [4] [5] [6] [7] , as well as for quantum gravity [8] .
Regarding massive gauge fields, the question arises whether quantum gauge invariance must be broken or has only to be modified in this situation. In the first case the gauge principle is not strong enough to determine the whole theory, some additional symmetry-breaking mechanism must be added. In the second case the gauge principle is strong and fixes all couplings. We are going to show that the second alternative can indeed be realized in the causal approach. The asymptotic gauge invariance will turn out to be the leading principle to determine the quantum theory directly, and in all details.
In causal perturbation theory the S-matrix is constructed inductively order by order in the form
. . , x n )g(x 1 ) . . . g(x n ), (1.1) where g(x) is a tempered test function that switches the interaction. The first order T 1 (x) must be given and defines the theory. All T n 's are expressed by the asymptotic free fields, interacting fields do not appear at all. For a pure Yang-Mills theory T 1 is given by
where f abc are the structure constants of a non-abelian semi-simple compact group, A µa (x) are the gauge potentials, and u a (x) andũ a (x) are the fermionic ghost fields. If all fields are massless gauge invariance can be defined as follows. Let
be the generator of (free) gauge transformations [3] , is a divergence. This is gauge invariance in first order. We call T ν 1/1 the Q-vertex. It does not describe a physical coupling, but is a mathematical tool to formulate gauge invariance.
Gauge invariance in n-th order is now defined by (1.5)
In T ν n/l the l-th vertex with coordinate x l is a Q-vertex, all other n − 1 vertices are ordinary Yang-Mills vertices (1.2). Choosing proper normalizations in the inductive construction of the T n , T ν n/l , gauge invariance (1.5) is fulfilled in all orders [3] [4] [5] [6] [7] . An essential property of Q is its nilpotency
It is basic for unitarity of the theory on the physical subspace [6] .
It is our aim to find a theory with massive fields A a , u a ,ũ a without violating the properties (1.4-6). If we simply substitute the massless fields in the above expressions by massive ones, then all three relations get lost. To restore (1.6) we introduce scalar fields Φ a and modify the expression (1.3) of Q. This is discussed in the following section. Then, to get gauge invariance in first order (1.4) we have to couple these (unphysical) scalar fields to the A's and u's in a suitable way. These couplings are not of Yang-Mills type, that means they are not proportional to f abc . We will find them by making a general ansatz and using gauge invariance to determine the parameters. In Sect.3 this is done in first order which completely fixes the couplings of the unphysical scalars. However, gauge invariance in second order requires the introduction of an additional physical scalar, the 'Higgs' field. In Sect.4
its coupling is derived and the usual results for the boson masses are obtained. In Sect.5
we discuss the coupling of the fermions. The chiral character of these couplings is not put in, but comes out as a consequence of gauge invariance. All couplings agree precisely with what is obtained from the standard theory after symmetry breaking. Spontaneous symmetry breaking plays no role in our theory because we exclusively work with the asymptotic free fields. We do not consider gauge invariance in higher orders (n > 2) here.
II. INFINITESIMAL GAUGE TRANSFORMATIONS
A first step towards a gauge theory with massive gauge fields in the causal framework was recently made by F.Krahe [9] . In this section we essentially follow his arguments.
Unfortunately, his final theory was not gauge invariant in second order because he left out the physical scalar fields.
We work with free asymptotic fields satisfying Calculating the square of Q (1.3) by means of the anticommutator we find 4) which is different from 0. To restore the nilpotency we add to every massive gauge vector field A µ a (x) a scalar partner Φ a (x) with the same mass. If the gauge field is massless it needs no partner. The scalar fields are quantized according to
Since the scalar commutator (2.5) has a different sign than the commutator of the vector fields (2.1), it is now simple to compensate the undesired term on the right-hand side of (2.4) by modifying the gauge charge (1.3) as follows
In fact, we now have
so that the nilpotency of Q is restored.
The gauge charge Q defines a gauge variation according to
where n F is the number of ghost fields in the Wick monomial F . With the modified gauge charge (2.6) we get the following gauge variations of the fundamental fields
If m a = 0 there is no scalar contribution in (2.8). The scalar fields so far introduced are unhysical because their excitations do not belong to the physical subspace [6] H phys = KerQ RanQ. (2.9)
But gauge invariance will force us to introduce additional scalar fields with arbitrary masses, which do not occur in Q and, hence, are physical and their gauge variation vanishes.
In the electroweak theory we have the following fundamental fields: the massless photon 
The 'Higgs' field Φ 0 is indispensable for gauge invariance: While gauge invariance in first order can be achieved without Φ 0 , this is impossible in second order; here one needs (at least) one physical scalar field.
According to (2.6-8) the fields have the following gauge variations
The masses of the W-and Z-bosons are still arbitrary. The usual relations
will come out later as a consequence of gauge invariance.
III. GAUGE INVARIANCE IN FIRST ORDER

A. Yang-Mills Part
In the electroweak theory the antisymmetric structure constants f abc corresponding to the rotated SU(2) × U(1) Lie algebra are equal to 
where n F is the number of ghost fields u,ũ in F . Then we get
The last term vanishes due to antisymmetry. To transform the expression to divergence form we always take out the derivative of the ghost fields:
Again, the second and fifth term vanishes by antisymmetry, in the last one we use the field equation
For the variation of the ghost term in (1.2) we get
Here the second term cancels the first in (3.3b). In the first term, say T u 11 , we again take out the derivative from the ghost field
The second term is the negative of the left-hand side. Using the field equation in the last term we find
Summing up we have obtained a divergence apart from the mass terms:
Of course, this agrees with (1.4) if all masses are put =0. The mass terms violate gauge invariance. To compensate them the scalar fields must be introduced.
For the following we write down (3.7) explicitly for the electroweak theory:
The most general ansatz contains additional terms ∼:
. It can be reduced to (3.8) by adding divergences ∼:
. Such addition does not change gauge invariance (at least in low orders) [10] . The form (3.8) has the nice property that d Q T 1 can be transformed to divergence form by simply taking out the derivatives of the ghost fields as described above.
As before, we calculate d Q T
1
and form a divergence by taking out the derivatives of the ghost fields. The result is
The terms T 123 11 have no derivative on the ghost fields. If combined with the corresponding terms in (3.7.7-3.7.12) their coefficients must vanish, in order to have gauge invariance, because these monomials are linear independent modulo divergences.
This leads to the following conditions
This first 15 equations imply
The remaining relations are then automatically satisfied with arbitrary masses and d 1 = 0.
Similar to (3.8) the general ansatz for the coupling in the sector (0,1,2) reads as follows
Proceeding in the same way as in the last section we get for b 4 two results from the coefficients
This implies
which is called W-mass from now on. The resulting coupling in the sector (0,1,2) becomes
where m H is the undetermined mass of Φ 0 , the 'Higgs' mass.
Regarding the sector (1,1,2) we note that terms with two fields a = 1 do not occur in (3.7). Therefore, the condition of gauge invariance in this sectors leads to homogeneous equations which only have the trivial solution with all parameters equal to 0. The same is obviously true in the other two sectors, as well as in (1,2,2), (2,2,3) and (2, 3, 3) .
Although these sectors have also two fields with the same a, so that there are no corresponding terms in (3.7), the situation is different because a = 0 behaves differently. The general ansatz for the coupling reads as follows
The gauge variation after taking out the derivatives of the ghost fields is equal to
For gauge invariance, the coefficients in (3.17.2) must vanish which implies
The results for the other two sectors are simply obtained by replacing a = 1 by 2 or 3:
The sectors (0,1,3) and (0,2,3) come out trivial with all coupling constants vanishing if
Since we will soon find that the Z-mass is bigger than the W-mass, this condition is certainly Summing up, the scalar couplings are fixed by first order gauge invariance as follows:
We notice that all coupling constants have been fixed by first order gauge invariance, apart from the couplings a 5 , δ 1 , δ 2 , δ 3 of the physical scalar Φ 0 . If we set these constants =0
this 'Higgs' field is decoupled and superfluous, therefore, first order gauge invariance does not require Φ 0 . But in second order we will find δ j = 0 for j = 1, 2, 3, so that one physical scalar field is indispensable.
IV. GAUGE INVARIANCE IN SECOND ORDER
Following the inductive construction of Epstein and Glaser, we have first to calculate the causal distribution
It has a causal support (⊂ {(x − y) 2 ≥ 0}) and must be decomposed into a retarded and advanced part: 
The main problem is whether gauge invariance can be preserved in the distribution splitting. Obviously, D 2 (4.1) is gauge invariant:
Since the retarded part R 2 agrees with D 2 on the forward light cone V + \ {x = y} and similarly for R 
holds, then the theory is gauge invariant in second order. Note that the distribution 
A. Simplification of the Scalar Coupling
To prove (4.3) we only have to consider its local part. We concentrate on the tree graphs because gauge invariance is not a serious problem for second order loop graphs. Let R 2 be the splitting solution of D 2 obtained by replacing
operates only on the field operators, the local part on the left-hand side of (4.3) is only due
To calculate the anomalies on the right-hand side of (4.3) we start from
As we will soon see the anomalies come from those terms in T µ 1/1 which contain a derivative ∂ µ . Examining the divergence terms in the results of Sect.3, we collect the following list of terms that generate anomalies:
Let us now consider the commutator between the second term in (4.5.9) and the first term in (3.20.1). The anomaly comes from the following contribution .2) is applied
we get a local term
which is the anomaly.
In the contraction of the same second term in (4.5.9) with the second one in (3.20.1) we encounter the commutator
which is a causal distribution with ω = 0. Consequently, in the distribution splitting there appears a free normalization term ∼ α 1 g µν δ(x − y). This leads to the following anomaly
where α 1 is a free parameter. This last term is part of ∂ ν N ν 2/1 in (4.3). In the ∂δ-term we use the identity
(4.10)
Here we have added the other anomaly with x and y interchanged which comes from ∂ µ R µ 2/2 . Similarly, the normalization term of divergence form will be transformed with help of the
Then the anomaly assumes the following form without derivatives of δ
The notation A ′ 2 is used to indicate that the term with x ↔ y is included.
Let us now collect all terms with field operators
gets a factor 2 if the term with x and y interchanged is included, the result is proportional Repeating the same argument for the terms ∼ u 1 Φ 1 A ν ∂ ν Φ 0 leads to
Both equations together yield a 5 = 0.
B. Determination of the Remaining Parameters
As in first order (Sect.3.2) we discuss gauge invariance in different sectors specified by the indices a of the external field operators. Since the physical scalar Φ 0 plays a special role (it is not effected by d Q , nor is it the result of a d Q X), the sectors can be further subdivided, depending on the number of Φ 0 's that occur. Let us first turn to the sector (Φ 0 , 0, 1, 2).
Here, contracting the second term in (4.5.10) with the second one in (3.20.1) we get the anomaly
To simplify the notation we omit all double dots in this section, remembering that all products of field operators are normally ordered. As in (4.12), the same term in (4.5.10) combined with the first term in (3.20.1) gives 
Since A 1 and A 3 get multiplied by 2, we obtain the following two relations from setting the coefficients of u 1 Φ 0 A ν ∂ ν Φ 2 and u 1 ∂ ν Φ 0 A ν Φ 2 equal to zero:
We proceed in the same way in the sector (Φ 0 , 1, 2, 3). From the coefficients of
Next, in the sector (2,2,3,3) we get from the coefficients of
Inserting (4.16) and (4.17) we arrive at
so that all coupling constants are now determined, apart from b in (3.20.12). The solution is unique up to the sign (4.18) of the 'Higgs' couplings. We note that the latter are different from zero, so that Φ 0 is really necessary for gauge invariance.
Finally, in the sector (1,1,2,2) we obtain another result from the coefficients of what is obtained from the standard model after spontaneous symmetry breaking [12] . To verify gauge invariance completely for second order tree diagrams, we have to show that with the above values of the parameters all anomalies cancel out with proper choice of the normalization constants. This is done in the appendix.
V. COUPLING TO FERMIONIC MATTER
To determine the coupling to fermions by the same method as before, we start from the following general ansatz
where we have used the usual definitions u ± = (u 1 ± iu 2 )/ √ 2, and similarly for W ± µ and Φ ± . For simplicity we only consider one family of fermions, the 'electron' and the 'neutrino', which have arbitrary masses
We do not assume chiral fermions in (5.1), instead, we will get them out as a consequence of gauge invariance in second order. 
3)
The resulting divergence form of d Q T F 1 gives the following Q-vertex, similar to (4.5):
In the discussion of gauge invariance of second order tree graphs there is a slight modification. While the anomalies coming from contractions between T 
Since the derivative comes from 
which determines the sign ε 3 in (5.12):
(5.14)
From : u + Φ 3 eν : we find
If we use (5.3) on both sides we arrive at
The same reasoning with : u − Φ 3 νe : gives
Substituting these results into (5.13) we get
From : u 1 W µ 2 νγ µ ν : we now find
Finally, :
gives the relation
which determines
Now we are ready to write down the fermionic coupling, as far as it is restricted by gauge invariance alone: From the resulting anomalies we collect the contributions with the listed field operators, their cancellation takes place according to the following list:
:
: 
